The advent of targeted therapies generated much optimism when discovered. Targeted therapies, are however associated with rapid acquisition of resistance. In a recent study by Dong et al. (Theranostics 2018; 8(7):1808-1823. doi:10.7150/thno.23177) it was shown that lung tumors resistant to the EGFR-inhibitor (Erlotinib), reprogram their metabolism and acquire a pro-survival dependency on Phosphoglycerate Dehydrogenase (PHGDH) that can be targeted to eliminate resistant tumors.
Related article: Theranostics 2018; 8(7):1808-1823. doi:10.7150/thno.23177.
Lung cancer remains the leading cause of cancer mortality worldwide. Non-small cell lung carcinomas (NSCLC) accounts for approximately 80% of all lung cancers, the most common histological form of NSCLC is lung adenocarcinomas. These tumors display large heterogeneity and are often too advanced when diagnosed. Hence, first-line platinum-based chemotherapies display modest effect on improving survival of these patients [2, 3] .
The Epidermal Growth Factor Receptor (EGFR) family of tyrosine kinases belongs to the HER family receptors, which also comprises HER2-4. Upon ligand binding, these receptors undergo a series of conformational changes and triggers phosphorylation events leading to the activation downstream pathways that regulate cellular processes including, proliferation, survival, apoptosis and metabolism. Activating mutations and over-expression of these receptor family members has been shown to contribute to tumorigenesis. Accordingly, EGFR is overexpressed in approximately 50% of NSCLC patients and its expression correlates with poor prognosis. Constitutive activation of EGFR is caused by gene mutations, mainly in the adenosine triphosphate (ATP)-binding pocket of the tyrosine kinase domain of EGFR, or by gene amplification. This provided a rationale to develop targeted therapies against EGFR. In particular, Gefinitib (Iressa®) or Erlotinib (Tarceva®), were designed to be competitive inhibitors of the ATP-binding at the active site of the EGFR tyrosine kinase. Although, these drugs were approved in 2003 and 2004, respectively, for the treatment of NSCLCs, they showed only a partial response in approximately 10% of the NSCLC patients, which rapidly developed resistance to these inhibitors. The acquired drug resistance developed within 6-12 months of the initial therapy, which heavily limits the ability of these drugs to prolong the survival of patients [2, 3] . Established phenotypes of EGFR inhibitor resistance includes that the inhibitors lose their capacity to reduce glucose uptake and the activation of the AKT/mTOR pathway, which leads to enhanced tumor cell survival ( Figure 1 ). Accordingly, activation
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International Publisher of mTORC1 signaling was identified as a mechanism of resistance to EGFR inhibition in vivo. Hence, Rapamycin, an allosteric inhibitor of mTORC1 could reverse the resistance [4] [5] [6] [7] . This emphasizes that a deeper understanding of the acquired dependencies and alternative therapeutic strategies may have a tremendous impact to eliminate resistant tumors.
A recent study by Dong et al. [1] aims to enhance the efficacy and to reverse the resistance to the EGFR inhibitor Erlotinib in lung adenocarcinomas displaying EGFR-activating mutations. Interestingly, resistant cells displayed an elevation of PHGDH, the rate-limiting enzyme in the de novo biosynthesis of serine on both the mRNA and the protein level and also greater incorporation of glucose-derived carbons into serine (Figure 1) . Although, PHGDH has been associated to human cancers for more than 30 years [8] , more recently, the Vander Heiden lab [9] and the Sabatini lab [10] identified PHGDH as often amplified or overexpressed in breast and melanoma tumors. Consequently, the cancer cells expressing high levels of PHGDH display a more rapid proliferation, larger incorporation of glucose-derived carbons into serine and is associated with a poor prognosis in melanoma, breast cancer [9, 10] and lung cancer [11, 12] 
In the search for a mechanistic basis for their observation, the authors performed RNA sequencing analysis to identify transcripts that were differentially expressed upon PHGDH inhibition. Among the more than 1000 genes that were identified to be differentially expressed, many downstream pathways of serine metabolism were included such as DNA replication, cell cycle, mismatch repair and purine/pyrimidine metabolism and the p53-signaling pathway. Serine is important for several biosynthetic pathways including synthesis of glycine, cysteine and methionine, phospholipids, glutathione, one-carbon metabolism and purine/pyrimidine biosynthesis [13] . Consequently, genetic depletion of PHGDH has been shown to cause significant DNA damage due to a suppression of the purine/pyrimidine biosynthesis [12] . Additionally, serine can contribute to replenishing the intracellular levels of glutathione [11, 12] . Therefore, genetic knockdown or inhibition of PHGDH may cause an elevation of the intracellular reactive oxygen species (ROS), as a consequence of reducing the antioxidant glutathione. Accordingly, Dong et al. found that the PHGDH-inhibitor NCT503 [14] causes significant DNA damage selectively in the Erlotinib-resistant cells, antioxidants could blunt these effects (Figure 1 ).
This study illustrates several important aspects of resistance to targeted therapies. First, it demonstrates quantitative metabolic differences between tumors being either sensitive or resistant to EGFR inhibitor. Further, it emphasizes that upon acquiring resistance to targeted therapies, the metabolic profile is re-wired and consequently new metabolic dependencies are engaged. In line with the fact that resistant cells can maintain a high glucose uptake, it can divert carbons into serine biosynthetic pathway driven by PHGDH. Second, it highlights that the re-wired metabolism in resistant cells is targetable to reduce tumor growth. Third, it demonstrates that overexpression of a metabolic enzyme (i.e. PHGDH) can transform EGFR-inhibitor-sensitive tumor to be more resistant. It also highlights the importance of metabolic profiling during the disease development as well as in the acquisition of resistance, to allow an understanding of the preferred metabolism under different scenarios. Combined, these findings suggest that the acquired metabolic liabilities could potentially allow stratification of additional NSCLC subpopulations that may benefit from therapy targeting their specific metabolism.
It remains to be seen if acquired resistant metabolic phenotypes may be relevant across different cancer types treated with the same therapy, or whether the cell of origin of tumors may be relevant in this context. It would also be interesting to see if the resistance to one drug can lead to the development of distinct metabolic liabilities even within the same tumor type. This may be particularly relevant to NSCLCs that displays huge molecular heterogeneity on multiple levels including metabolism. Human NSCLC tumors have recently been shown to display a heterogeneous glucose metabolism between human tumors that also has the capacity to oxidize several types of nutrients in vivo [15] . Regardless of the underlying mechanism, it is encouraging that molecular profiling can lead to the discovery of acquired metabolic vulnerabilities. Therefore, further analyses on the effect of acquired resistance to targeted therapies are needed, which may uncover additional metabolic liabilities.
